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Introduction
The current intense interest in metal organic frameworks (MOFs) derives from the great structural and chemical variety they offer and the wide range of novel properties they exhibit, including very high permanent porosity in some cases, with associated potential applications.
Interest has concentrated mainly on their adsorption and separation properties and particularly their high capacities and selectivities in the adsorption of fuel-related gases, [1] [2] [3] but the last few years have seen increasing focus on the use of porous metal organic frameworks in catalysis. [4] [5] [6] [7] [8] Part of the attraction of MOFs as catalysts is the opportunity they offer to prepare, optimise and apply crystallographically well-defined single site heterogeneous catalysts of the type defined by Thomas. [9, 10] The summary by Furukawa et al. of many of the most interesting reports of their catalytic performance -which includes reference to their use in more than 50 different reactions -illustrates their potential and their versatility, [11] while Dhakshinamoorthy and Garcia have critically reviewed the activity of MOFs specifically in oxidation catalysis. [7] The field of MOF catalysis is far from mature, however, with the current literature dominated by proof-of-concept studies of catalytic activity of MOF frameworks in model reactions, and also investigations in which the MOF acts as a scaffold to support metal nanoparticles [8, [12] [13] [14] [15] [16] or catalytically-active organometallic or coordination complexes bound to the organic struts linking the metal centres. [17] [18] [19] [20] The most advanced of the latter have investigated chiral MOFs as supports and ligands for enantioselective catalysis. [21] [22] [23] For those catalytic reactions where it is the metal cations integral to the MOF framework that are the catalytically active sites, the use of MOFs in Lewis acid-catalysed reactions has been particularly well explored, especially for materials where coordinatively unsaturated sites can be generated throughout the pore space. Copper-bearing HKUST-1 [14, [24] [25] [26] and iron-and chromium-bearing MIL-100 and MIL-101, [27] [28] [29] [30] [31] for example, have been investigated extensively as Lewis acids, and much recent progress has been made in optimizing the zirconium terephthalate-based MOF, UiO-66 as a Lewis acid catalyst by defect manipulation and ligand functionalisation. [32, 33] We recently introduced the scandium trimesate MIL-100(Sc) [34] into this arena of Lewis acid catalysis. [35] The MIL-100 framework [36] is made up of trimesate (benzene tricarboxylate, BTC) groups linked by trivalent metal (M) trimers, framework formula M 3 OX 3 (BTC) 2 , where X represents coordinating ligands on M 3+ cations, one of which must carry a single negative charge to maintain neutrality where all three metal cations are trivalent. It contains a three dimensionally connected pore space that comprises two different types of mesoporous cage ( Figure 1 ). This material was compared with a wide range of microporous and mesoporous MOFs that can have coordinatively unsaturated metal sites for Lewis acid-catalysed reactions such as the carbonyl ene reaction of ethyl glyoxylate derivatives (including tandem deprotection-ene reactions), Friedel-Crafts-type Michael additions, and imine formation. In each case it outperformed other much-cited MOFs and was shown to be a fully heterogeneous catalyst that could be re-used without significant loss of activity, crystallinity or porosity. 6 units via supertetrahedra to give networks containing two kinds of cage. Reproduced from reference [34] , with permission.
We report here the synthesis and full characterisation of mixed metal MIL-100(Sc,M 3+ ), where M is cheap and readily-available Al 3+ or Fe 3+ that replaces Sc 3+ in the scandium trimers (Sc 3 OX 3 (O 2 C-) 6 ), which are the metal-based nodes that are the building units of MIL-100(Sc). The aims were to make the use of this catalyst more economic, without strongly reducing its activity and, more importantly for MIL-100(Sc,Fe), to investigate the use of mixed metal MOFs to perform catalytic reactions in which each of the catalytic active metals plays a different role. MIL-100(Fe) has previously been reported for its activity in oxidation catalysis [29] [30] [31] 37] and iron is also an environmentally-acceptable and non-toxic metal. For further comparison of the effect of metal substitution on the activity of MIL-100(Sc) as a Lewis acid catalyst, a series of MIL-100(Sc,Cr) materials was also prepared.
In our approach to preparing mixed-metal MOFs which are catalytically bifunctional, both can enable a tandem deacetalisation-Friedel-Crafts addition followed by alcohol oxidation.
The Sc 3+ Lewis acid sites are the more active in the first two stages of the reaction, with the Fe 3+ sites being responsible for the oxidation catalysis.
In addition to preparing and testing MIL-100(Sc,Fe) with all trivalent cations in trimer sites, we present a route to the direct synthesis of MIL-100(Sc,Fe)XS materials that also contain nanoparticles of -Fe 2 O 3 in their pores. These show enhanced specific activity in Lewis acid catalysis compared with MIL-100(Sc,Fe) materials at the same Fe content, but are not as active in bifunctional catalysis.
Results and Discussion
Mixed metal MIL-100(Sc,M) samples were prepared using our published route [34, 35] gave a range of samples with distinct colour and spectroscopic properties, later found to contain -Fe 2 O 3 , and these are described below as the MIL-100(Sc,Fe)XS series (see Table 1 for details).
PXRD patterns of the MIL-100(Sc,Fe), MIL-100(Sc,Al) and MIL-100(Sc,Cr) series of materials are given in the Supporting Information (SI), Figures S1.1-3. All indicate in that MIL-100 is the only crystalline phase present. Unit cell determination was performed by
structureless Le Bail refinement within the GSAS suite of programs [39, 40] against laboratory PXRD (SI) The elemental metal compositions of the samples (Sc, Al, Cr, Fe) were measured by selected area energy dispersive X-ray (EDX) analysis and found to be uniform over particles of the solid. The measured Sc:M atomic ratios in the crystals are similar to those of the syntheses of the MIL-100 samples ( Table 1 ). The porosity of these materials was measured by N 2 adsorption on methanol-washed materials heated at 423 K under a dynamic vacuum of 10 -5 mbar for 16 h prior to examination, and the details are given in Table 1 . [ 41] The solid-state 27 Al MAS NMR spectra ( Figure 3 ) display a single asymmetric resonance (δ -2.5 ppm) consistent with the presence of AlO 6 octahedra in the M 3 OX 3 (O 2 C-) 6 trimer units of MIL-100, [42] but they give no unambiguous evidence for the presence or absence of mixed Al/Sc trimers. The 45 Sc MAS NMR spectra (Figure 3 ) also show an asymmetric lineshape, again suggesting the presence of disorder (and a distribution of NMR parameters), while the resonance position appears characteristic of octahedral Sc in trimer units. [34] The 45 [43, 44] where larger quadrupolar coupling values are observed for Sc-OH species (Supplementary Information). Figure 4b shows that when the scandium content is low, a greater proportion of the Sc appears to be associated with Sc-OH species, indicating preferential substitution of Al into sites with coordinated water molecules. Figure 4 shows 13 C CP MAS NMR spectra of the MIL-100(Sc,Al) compounds. In general, the 13 C spectra are similar to those in the literature for the Sc and Al pure end members, [34, 42] but exhibit different relative intensities in the carboxylate C region between 168-175 ppm. Each carboxylate linker is bonded via O atoms to two of the metal centres of a trimer, each of which may be Sc or Al.
DFT calculations of the expected chemical shifts of different compositions of isolated model trimers using the CASTEP code [43, 44] For the MIL-100(Sc,Fe) series of materials, evidence for the incorporation of Fe 3+ in the trimers in place of Sc 3+ was obtained by diffuse reflectance UV-visible and X-ray absorption spectroscopies, the latter performed at beamline B18 of the Diamond Light Source
Synchrotron. [45] X-ray absorption data were normalised to the edge step in the program
Athena to yield X-ray absorption near-edge (XANES) spectra and background subtracted extended X-ray absorption fine structure (EXAFS) spectra. [46] The k 3 -weighted EXAFS spectra were analysed using Artemis, [47] which implements the FEFF code and uses the Ifeffit EXAFS library, [48] with coordination numbers of atomic shells fixed at expected values and shell distances, thermal parameters ( 2 ) refined along with E 0 (threshold energy) and S 0 2 (amplitude reduction factor). The goodness of fit is reported as the R-factor: have been observed for MIL-100(Fe) previously. [49] EXAFS spectra (k = 2.5 -12.0 Å -1 ) were modelled based on the published crystal structure of MIL-100(Cr), [36] Table 2 as an example and the fit shown in and Table 3 ). Visually, the ratio of the intensity of the higher coordination shell peaks characteristic of - 
Catalysis

Lewis acidic catalysis
The catalytic performance of these materials was first examined in a series of Lewis acid catalysed reactions. Prior to this, optimum conditions were determined for the removal of DMF molecules included within the pores of MIL-100(Sc) during synthesis without damaging the framework. MIL-100(Sc) treated in different ways was examined by IR active molecular probes for Lewis acid sites, CD 3 CN and CO. [51] [52] [53] As-prepared MIL-100(Sc) was activated by prolonged washing with methanol before being heated under vacuum at 423 K and then at 523 K. Infra-red spectroscopic analysis showed that some DMF from the synthesis remained in the pores even after washing, possibly strongly bound to Sc 3+ sites, as
shown by the presence of absorption bands at 2945 cm -1 and 2873 cm -1 ( Figure 10 ). Dosing of CD 3 CN at room temperature onto the methanol-activated MIL-100(Sc), evacuated at 523 K, gave an absorption band at 2301 cm -1 , a blue shift of 38 cm -1 from that in the unperturbed liquid-like CD 3 CN in the pores, 2263 cm -1 , indicating the presence of acid sites that can be assigned as coordinatively unsaturated Sc 3+ cations ( Figure 10 ). Normally blue shifts arise for C≡N interacting with acid sites, both Lewis and Brønsted. Although the shift of the C≡N bond frequency upon adsorption was much lower than for the bands observed upon adsorption on MIL-100(Al) (band at 2321 cm -1 ) [53] it was similar to that of MIL-100(Cr) (band at 2305 cm -1 ) [51] and MIL-100(Fe) (band at 2304 cm -1 ). [52] This suggests that the Lewis acid strength of the MIL-100(Al) is the highest of the solids examined.
To investigate further the presence of Lewis acid sites in MIL-100(Sc), quantitative CO adsorption / IR spectroscopy was performed at 77 K. CO adsorbed on MIL-100(Sc) treated with methanol and activated at 423 K, and cooled to 77 K gave an absorption band at 2180 cm -1 (similar to that reported previously for CO on MIL-100(Sc) [54] (equivalent to 2 Lewis acid sites per trimer). However, subsequent examination of MIL-100(Sc) catalysts activated at 423 K and 523 K in the carbonyl ene reaction showed that activation at 523 K did not improve the catalytic performance. Instead, lower selectivity and the generation of unwanted by-products was observed, possibly due to the generation of unwanted defect sites. Indeed, the higher activation temperature was found to result in reduction of pore volume, as measured by N 2 adsorption at 77 K, to 0.55 cm 3 g -1 , suggesting partial degradation of the structure. Consequently, methanol washing followed by activation at 423 K was chosen as the standard activation procedure for all scandium-based MIL-100 materials.
Our first catalytic objective was to investigate whether the Sc/Al, Sc/Cr and Sc/Fe MOFs would still perform well as Lewis acid catalysts. We first investigated activity in the carbonyl ene reaction of α-methylstyrene with ethyl trifluoropyruvate to form ethyl-2-hydroxy-4-phenyl-2-(trifluoromethyl)pent-4-enoate (Scheme 1).
[55]
Scheme 1 Carbonyl ene reaction of -methylstyrene with ethyl trifluoropyruvate
Results are given in Figure 11 and Table S9 .2.1. For the MIL-100(Sc,Al) system the substitution of Al for Sc resulted in a strong decrease of the activity, with conversion dropping from 99% to 30% as Al is substituted for Sc to full MIL-100(Al), even though the apparent Lewis acid strength, as inferred from the reported IR frequency of adsorbed CO on the Al 3+ sites, is higher for MIL-100(Al) than for MIL-100(Sc). The same trend of decreasing activity with decreasing Sc 3+ content in the carbonyl ene reaction is observed for the MIL-100(Sc,Cr) and the MIL-100(Sc,Fe) samples, where the order of activity decreases according to the added trivalent metal in the order Sc > Cr > Fe > Al ( Figure 11 ). Our previous studies had shown that MIL-100(Sc) was a fully heterogeneous catalyst under these conditions, so that removal by filtration reduced the reaction rate to background levels. [35] Figure 11 
Bifunctional catalysis
Given the activity of these MIL-100 materials in Lewis acid catalysis, our next step was to investigate those that contained scandium and iron for their ability to perform bifunctional Lewis acid-oxidation catalysis, because iron-based MOFs are known to promote oxidation reactions. [37] The Lewis acid-catalysed tandem Friedel-Crafts addition reaction between 2-methylindole and trifluoroacetaldehyde ethyl-hemiacetal followed by oxidation of the product (Scheme 3) was chosen as a target tandem reaction requiring bifunctionality.
Scheme 3 Tandem Friedel-Crafts addition and oxidation reaction of 2-methylindole with trifluoroacetaldehyde ethyl-hemiacetal and tert-butyl hydroperoxide
For the initial, Lewis acid-catalysed step (Scheme 4), MIL-100(Sc) is a far superior catalyst to HKUST-1(Cu) or MIL-100(Fe) ( Table 4 ). Whereas HKUST-1(Cu) may be disadvantaged in terms of both active site electronic and window size steric effects (smaller window size), [35] gives an active catalyst (78% conversion after 6 h at 5 mol% MIL-100(Sc,Fe) load, increasing to >99% after 16 h).
Scheme 4 Friedel-Crafts addition of trifluoroacetaldehyde ethyl-hemiacetal to 2-methylindole
Friedel-Crafts addition of trifluoroacetaldehyde ethyl-hemiacetal to indole, N-methylindole, pyrrole, and dimethoxybenzene was also achieved using this catalyst system. For all these reactions, using an equivalent mass of MIL-100(Sc 60 Fe 40 )XS material gave slightly higher conversions than the pure MIL-100(Sc) material and outperformed MIL-100 with a similar Sc/Fe ratio, but with all of its iron present in the trimers. The activity of the Fe-bearing MIL-100 materials was then investigated in the oxidation of the alcohol addition products formed in the reactions described above, according to reactions of the type shown in Scheme 5.
N H CF 3 OH
Scheme 5 Oxidation of 2,2,2-trifluoro-1-(2-methyl-1H-indol-3-yl)ethanol using tert-butyl hydroperoxide
The results in Table 5 show that while MIL-100(Sc) and HKUST-1(Cu) are poor catalysts for this reaction (entries 2 and 17) the Fe-containing MOFs have significant activity, and in the mixed MIL-100(Sc,Fe) materials there is good activity even at Fe contents as low as 40 mol%. To confirm the catalysis was heterogeneous, and did not result from Fe species leached from the MIL-100, a sample of MIL-100(Sc 60 Fe 40 ) was used in the oxidation reaction described in Table 5 and removed by filtration after 3 h. The catalytic conversion then remained at 58% for 24 h. Having shown that mixed metal MIL-100(Sc,Fe) materials catalyse the deacetalisationaddition reaction and oxidation reactions separately, we next investigated combining the N H CF 3 OH sequential deacetalisation, Friedel-Crafts addition and oxidation into a one-pot procedure with all reagents added at the start (Tables 6 and 7) . While in some respects a relatively simple tandem reaction, this involves carrying out a catalytic C-C bond-forming reaction on an aldehyde intermediate under strongly oxidizing conditions, so from the outset we analysed for trifluoroacetic acid, expecting to see it as a by-product. It was therefore encouraging to find that, particularly using the MIL-100(Sc 60 Fe 40 ) catalyst, a very clean tandem deacetalisationFriedel-Crafts addition-oxidation occurs, using just 1.2 equivalents of trifluoroacetaldehyde ethyl-hemiacetal (Table 6 , Entry 4). Remarkably, no trifluoroacetic acid was detected by 19 F{ 1 H} NMR spectroscopic monitoring of the reaction mixture. hour to adsorb before starting the reaction increases the overall conversion to product (Table   5 , entry 6).
The progress of the reaction was followed by solution-state 1 H NMR spectroscopy and it was possible to see the evolution of the addition intermediate and the ketone product over time.
The variation of the concentrations of reactant, intermediate and product demonstrate the expected form for a sequential reaction (Figure 12 ). The production of ketone is sigmoidal because the concentration of alcohol substrate increases to a maximum and then declines, so the rate of ketone formation reaches a maximum at around 50% conversion to the alcohol, and afterwards slows down as the concentration of the intermediate decreases.
Notably, although a simple physical mixture of MIL-100(Sc) and MIL-100(Fe) with the same Sc/Fe ratio also catalyzed the sequential reaction, lower conversions were achieved (78% cf.
95% after 31 h), suggesting that there is some advantage in combining both types of active sites within the same particle, possibly because the average diffusion path for the intermediate
The results in Tables 6 and 7 show that MIL-100(Sc 60 Fe 40 )XS was also very active in the tandem reaction, suggesting that both framework Fe 3+ and nanoparticulate -Fe 2 O 3 are active in the oxidation step.
To ensure that the catalytic steps in the tandem reaction were fully heterogeneous, the Finally, since we had shown it was also possible to introduce both Sc and Cr into trimer sites in MIL-100, and MIL-100(Cr) has recently been reported to be an active oxidation catalyst, [31] we investigated MIL-100 (Sc 60 Cr 
Conclusion
We report here bifunctional catalysis over mixed metal MOFs that are readily prepared and The resulting solids were washed with ethanol and water and dried at 60 °C. Product identification was carried out using powder x-ray diffraction. Powder X-ray diffraction (PXRD) patterns were collected on MOFs using PANalytical Empyrean and STOE STAD i/p diffractometers using Cu K  X-radiation (λ = 1.54056 Å and in these reactions no peaks other than reactant, product and internal standard were observed, except for the carbonyl ene reaction, when the hydrated reactant ethyl-3,3,3-trifluoro-2,2-dihydroxypropanoate was sometimes observed. For the conjugate addition of 2-methylindole to methyl vinyl ketone, conversions to product were measured by 1 H NMR.
For some reactions the product was isolated and its identity and purity confirmed by NMR, MS and elemental analysis. Detailed examples are given in the Supporting Information.
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